A highly sensitive assay combining immunomagnetic enrichment with multiparameter f low cytometric and immunocytochemical analysis has been developed to detect, enumerate, and characterize carcinoma cells in the blood. The assay can detect one epithelial cell or less in 1 ml of blood. Peripheral blood (10-20 ml) from 30 patients with carcinoma of the breast, from 3 patients with prostate cancer, and from 13 controls was examined by f low cytometry for the presence of circulating epithelial cells defined as nucleic acid ؉ , CD45 ؊ , and cytokeratin ؉ . Highly significant differences in the number of circulating epithelial cells were found between normal controls and patients with cancer including 17 with organ-confined disease. To determine whether the circulating epithelial cells in the cancer patients were neoplastic cells, cytospin preparations were made after immunomagnetic enrichment and were analyzed. Epithelial cells from patients with breast cancer generally stained with mAbs against cytokeratin and 3 of 5 for mucin-1. In contrast, no cells that stained for these antigens were observed in the blood from normal controls. The morphology of the stained cells was consistent with that of neoplastic cells. Of 8 patients with breast cancer followed for 1-10 months, there was a good correlation between changes in the level of tumor cells in the blood with both treatment with chemotherapy and clinical status. The present assay may be helpful in early detection, in monitoring disease, and in prognostication.
Evidence is accumulating that primary cancers begin shedding neoplastic cells into the circulation at an early stage (1) (2) (3) (4) ; however, the natural history of these cells, their ability to establish metastases, and their bearing on future relapses are unclear. For instance, circulating tumor cells have been detected by PCR in a variety of patients with a good prognosis who are unlikely to develop metastatic disease (5) (6) (7) (8) . In addition, immunocytochemistry has detected cancer cells in the bone marrow in a proportion of patients with clinically localized disease (9) (10) (11) . If tumor cell shedding is, in fact, an early event in tumorigenesis, it may be possible to detect cancer cells in the bloodstream before the primary tumor is large enough to be detected by standard screening examinations.
To explore this possibility, we have developed a cellular assay that is more sensitive than PCR and that allows precise enumeration and characterization of circulating carcinoma cells. In model studies, the sensitivity of the technique is below 1 epithelial cell͞ml of blood regardless of the number of leukocytes present and the recovery is between 75 and 100%. The assay was used to study the blood of 30 patients with breast cancer, 3 with prostate cancer, and 13 control individuals. An excess of circulating epithelial cells was found in virtually all of the cancer patients unless they were being treated with chemotherapy. In addition, 8 patients with breast cancer undergoing chemotherapy were followed for 1-10 months to determine whether the level of blood tumor cells correlated with clinical studies. The malignant nature of the cells was demonstrated by their cytology and immunophenotype.
METHODS
Collection of Blood Specimens. With informed consent, 10-20 ml of blood was drawn from controls and patients with a primary diagnosis of breast or prostate cancer into Vacutainer tubes (Becton Dickinson) containing EDTA as anticoagulant. The samples were processed for flow cytometry within 24 h after collection and within 4 h for preparation of cytospins. Patient age, sex, date of diagnosis, therapeutic interventions, clinical status, and biopsy report were retrieved from the patients' charts. The protocol was approved by the institutional review boards of the collaborating institutions.
Cell Lines. The breast carcinoma cell lines BT474 and SKBr3 and the prostate carcinoma cell line LNCaP.FGC were used to evaluate the reagents for immunocytochemical detection and to determine sensitivity of the assay. Maintenance medium for the cell lines was RPMI 1640 containing 10% fetal calf serum supplemented with vitamins, nonessential amino acids, and glutamine.
Sample Preparation for Flow Cytometric Analysis. To enable the enumeration of epithelial cells present in 20 ml of peripheral blood at frequencies below 1 cell͞ml of blood by flow cytometry, the following requirements are necessary: (i) The sample volume has to be reduced without a significant loss of epithelial cells to pass the sample through the flow cytometer in a reasonable time period (sample flow rate ϭ 60 l͞min); (ii) to discriminate epithelial cells from other events, the frequency of nucleated nonepithelial cells has to be reduced by a factor of 1,000 or more (events are dots on the plot after flow cytometric analysis; a dot is not necessarily a cell but can be cellular debris or clumps consisting of iron, nuclei, and proteins); and (iii) the reagent combination used for identification has to be optimized such that no other events appear in the region typical for epithelial cells. These requirements have been accomplished by using an immunomagnetic sample preparation procedure developed at Immunicon, Huntingdon Valley, PA. mAbs against the epithelial cell adhesion molecule (EPCAM) are broadly reactive with tissues of epithelial cell origin (12, 13) . The GA73.3 EPCAM antibody (kindly provided by D. Herlyn, Wistar Institute, Philadelphia) was coupled to ferrofluids (14) . The characteristics of the EPCAM ferrofluid were chosen such that it maintained colloidal properties, did not react with blood components, and still could be separated in an open field magnetic configuration (15) . Blood was incubated with the EPCAM-coated ferrofluid for 15 min, and the vessel containing the blood was placed in a magnetic field and allowed to separate for 10 min. After the blood was aspirated and discarded, the vessel was taken out of the magnetic separator and the collected fraction was resuspended from the walls of the vessel with a cell membrane permeabilization solution and placed in the magnetic separator for 5 min. The solution was aspirated and discarded, and the cells were resuspended in a solution containing phycoerythrin-conjugated anti-cytokeratin (CAM5.2 mAb) and peridinin chlorophyll protein-labeled CD45 for 15 min. After incubation, buffer was added and the cell suspension was magnetically separated for 5 min. After discarding the nonseparated suspension, the collected cells were resuspended in 0.5 ml of a buffer containing a nucleic acid dye. Eighty-five percent of the 0.5-ml sample was aspirated and analyzed on a FACScan or FACSCalibur flow cytometer (Becton Dickinson). Data were acquired in listmode by using a threshold on the fluorescence of the nucleic acid dye. Criteria for multiparameter data analysis included size defined by forward light scatter, granularity defined by orthogonal light scatter, and staining with the phycoerythrin-labeled cytokeratin mAb but not with the peridinin chlorophyll protein-labeled CD45 mAb. Reagents for flow cytometry kindly were provided by Becton Dickinson, San Jose, CA.
Immunocytochemistry. For some patients, when events were found by flow cytometry, the immunomagnetic sample preparation was repeated and cytospin preparations were made. In brief, primary mAbs recognizing cytokeratins 5, 6, 8, and 18 (CK, 5D3, and LP34, NovoCastra, Newcastle, U.K.), Muc-1 glycoprotein (Muc-1, Ma695 NovoCastra) or prostatespecific membrane antigen (clone J591, a generous gift from Neal Bander, Cornell Medical Center) was added to the slides after blocking nonspecific binding sites with 5% BSA for 30 min. The samples were incubated for 20 min at room temperature, washed twice in PBS for 5 min, and then exposed to secondary rabbit anti-mouse Ig (Z0259, Dako) for another 20 min. After two more washes, the samples were incubated with alkaline-phosphatase-anti-alkaline-phosphatase (APAAP) mouse Ig complexes for 15 min. Finally, the enzyme-substrate [NewFuchsin (Dako)] was added, resulting in the development of red precipitates. The nucleus was counterstained with hematoxyline. The data were recorded by using a Kodak digital camera attached to a light microscope and were stored on CD for later reference.
RESULTS
The basis of the present method is that carcinomas (ectoderm origin) differ from leukocytes (mesoderm origin) in their gene expression, and, therefore, each of these two cell populations has tissue-specific molecules on its surface or intracellularly. Therefore, the assay consists of using a series of mAbs that recognize these tissue-specific molecules. This has been accomplished by using a two-step procedure: The first step involves an immunomagnetic sample preparation in which blood is mixed with a preparation of colloidal iron coated with mAbs specific for epithelial cells. After separation in a magnetic field, a sample volume reduction as well as a 10 4 -fold enrichment of epithelial cells is obtained. This step is essential in obtaining the sensitivity and low background required. The second step consists of tagging the elements in the obtained cell suspension. This involves using a second mAb specific for another molecule on epithelial cells (cytokeratin), a third mAb against a pan leukocyte antigen (CD45), and a nucleic acid dye to allow exclusion of residual red blood cells and other nonnucleated events. The sample then is analyzed by flow cytometry, and all events staining with the nucleic acid dye are analyzed for CD45 and cytokeratin staining as well as forward and orthogonal light scatter characteristics. Fig. 1 shows the analysis of a normal blood sample to which varying numbers of a breast carcinoma cell line (SKBr3) were added. As can be seen, the carcinoma cells can be distinguished from the other blood cells and the recovery was between 75 and 100%. The recovery of breast carcinoma cells was consistent over a target frequency range, between 50 and 4500 SKBr3 cells ''spiked'' into 5 ml of blood from normal donors. Regression analysis of the spiked number of cells plotted vs. the recovered number of cells yielded a correlation coefficient of r 2 ϭ 0.96 and with a slope of 0.76, indicating consistent recovery of 76% in this experiment (data not shown). The linearity of the recovery shows that the number of the tumor cells detected reflects the actual peripheral blood tumor cell load. However, as shown in Fig. 1 , when very small numbers of breast carcinoma (SKBr3) cells were used for spiking, namely, Յ20 cells͞2.5 ml, the recovery of the SKBr3 cells was between 95 and 100%. Such results suggest that the limiting factor for sensitivity is the volume of blood used. However, to use this level of sensitivity by flow cytometry for the diagnosis of cancer, it will be necessary that control bloods routinely display no events, a condition that we have not yet achieved (see below).
We next examined blood from patients with breast cancer and from controls for the presence of epithelial cells by using flow cytometry. The data obtained from flow cytometric experiments were analyzed by two individuals in a blinded fashion. One analysis was performed with a computer algorithm created in PAINT-A-GATE PRO (Becton Dickinson) and applied to the data files of all patient samples (LT), and a second analysis used individualized gating for each patient (ER). The results indicate that there is no significant difference by paired t test (n ϭ 21, P ϭ 0.84) in inter-observer determinations in the number of circulating epithelial cells. Thus, in the future, an algorithm will be used for the analysis. Table 1 summarizes the results of studying 13 controls and 30 patients with breast cancer. In control individuals, the number of epithelial cells ranged from 0 to 5 (mean 1.5 Ϯ 1.8). In contrast, there was an average of 15.9 Ϯ 17.4 epithelial cells in the bloods of 14 patients with organ-confined carcinoma of the breast (patients classified as T x N o M o ), 47.4 Ϯ 52.3 in those with nodal involvement, and 122 Ϯ 140 in those with distant metastases. The difference between the control group and patients with carcinoma of the breast with or without metastasis was highly significant [P Ͻ 0.001 by multiparameter analysis (Kruskal-Wallis)]. The difference between the organ confined and the distant metastatic group was 0.009 (t test). The number of epithelial cells in patients with organ-confined breast cancer was above the cut-off point (mean value plus 3 SD in the control group ϭ 6.9) in 12 of 14 cases. Moreover, no individual in the control group had more than 5 events classified as epithelial cells, and only 2 of the 14 patients with organ-confined breast cancer had Ͻ7 such events. The difference between the control group and patients with organconfined carcinoma of the prostate was also significant (t test Ͻ0.01). Fig. 2 shows representative examples of the data from Table  1 . We chose 10-ml blood samples from: a control, which shows 2 epithelial cells ( Fig. 2 A) ; a patient with organ-confined breast carcinoma (9 cells) (Fig. 2B) ; and a patient with metastatic breast carcinoma (a very large tumor load) (Fig.  2D) . Data obtained from a patient with organ-confined prostate carcinoma are also shown (Fig. 2C) . As can be seen, there is a clear delineation between the events representing putative epithelial cells (large black dots) and those representing residual leukocytes (black) and debris (gray) that nonspecifically stain with both phycoerythrin and peridinin chlorophyll protein.
To examine whether the cells identified as epithelial cells by flow cytometry could be classified as tumor cells, blood samples from some of the normal controls and from patients with cancer in which epithelial cells were detected by flow cytometry were subjected to the immunomagnetic sample preparation followed by a cytospin. This procedure allows individual cells to be studied for morphology and additional markers, either surface or intracellular. Fig. 3 shows representative cells from a cytospin immunostained with anti-mucin-1 (Fig. 3A) or anti-cytokeratin (Fig.  3B ) from a patient with metastatic breast cancer. Fig. 3 C and D show anti-cytokeratin-stained cells from a patient with organ-confined breast cancer (C) and organ-confined prostate cancer (D). The cells tended to be large, brightly stained, and with a high nuclear-to-cytoplasmic ratio in contrast to normal epithelial cells (F). In general, the staining was more intense, and the nuclear and plasma membranes were more distinct in advanced compared with early tumors. Fig. 3E shows a white cell with two brightly stained round objects consistent with apoptotic tumor cell bodies. No cells are shown from the controls because none of the six normal individuals studied with intact putative epithelial cells (i.e., positive events by FACS analysis) had recognizable epithelial cells on the cytospins. Possibly, the events observed on flow cytometry of blood samples from these individuals are artifactual, or the normal epithelial cells are particularly prone to apoptosis and are fragmented in the cytospin.
To ensure that there was no subjectivity in the analysis of the cytospins, one of us (J.U.) examined 19 slides in a blinded fashion. The slides represented controls, patients with organconfined or metastatic cancer or another sample from the same patient stained with different mAbs, and repeats of the same slide to determine whether there was a significant (Table 1 ). Shown are 10-ml blood samples from a control that shows two epithelial cells (A), from a patient with organ-confined breast carcinoma (9 cells, B) or organ-confined prostate carcinoma (11 cells, C), and from a patient with metastatic breast carcinoma (a very large tumor load, D). An arrow points to the cluster of putative epithelial cells (large black dots). Leukocytes are small black dots, and debris is shown as small gray dots. Flow cytometry was used to analyze the positive events obtained from 20 ml of blood from control individuals; from women with breast carcinoma, or from men with prostate cancer. The numbers of epithelial cells in the blood of the controls are statistically different by t test (P Յ 0.01) and by Kruskal-Wallis nonparametric analysis (P Ͻ 0.001) from each of the three groups of the breast cancer patients and the prostate cancer patients. The data in this table were used to establish a preliminary cut-off value for positive samples. This value was determined by averaging the number of circulating epithelial cells in the normal controls (n ϭ 13) and then adding three times the SD. The average (n ϭ 13) was 1.5 and the SD is 1.8. Cut-off: 1.5 ϩ 5.4 ϭ 6.9. There is no statistical difference between male and female controls.
intraobserver error. The results indicate that all four of breast cancer patients and one of three prostate cancer patients were correctly categorized. Of particular importance, in no instance did the observer categorize blood samples from the six controls as having carcinoma cells, i.e., there were no false-positives. Also, there were no intraobserver errors when repeat slides were seen.
To ensure that the ferrofluid did not distort the architecture of the blood epithelial cells, experiments were performed using the same blood sample from a patient with metastatic breast cancer processed by the ferrofluid method or by sucrose gradients as used by others (8, 9, 11, (16) (17) (18) . The results showed no difference in morphology (data not shown).
We interpret the immunophenotypic and cytologic evidence to indicate that the events recorded by flow cytometry in the blood of cancer patients represent carcinoma cells. Thus, flow cytometry can distinguish the bloods from control individuals vs. cancer patients with a high degree of accuracy.
Analysis of blood from cancer patients by flow cytometry measures total circulating carcinoma cells, so it was of interest to determine whether our assay could reflect the patients' clinical status over time. For this purpose, blood samples from eight patients with breast cancer were examined for 1-10 months at various intervals. The blood level of epithelial cells and the clinical status were plotted against time. In all eight patients, the two curves were in parallel. Fig. 4 shows four representative examples of the results. In a patient with life threatening disease (Fig. 4A) , high dose chemotherapy induced a partial remission and circulating epithelial cells disappeared. When chemotherapy was stopped, blood epithelial cells rose to previous levels. The patient promptly relapsed and, after retreatment with high dose chemotherapy, again became clinically stabilized and blood epithelial cells disappeared. In two patients with recurrence of tumor (Fig. 4 B and  C) , both blood levels of epithelial cells and tumor burden measured clinically rose; when maintenance chemotherapy was given, both parameters decreased to lower levels. The patient shown in Fig. 4B then relapsed despite continued maintenance chemotherapy, and blood levels of epithelial cells rose. In a patient without evidence of disease on maintenance chemotherapy (Fig. 4D) , the blood levels of epithelial cells remained low. These results provide additional evidence that the assay is measuring tumor cells in the blood.
DISCUSSION
Early detection is the hallmark of successful cancer treatment. However, many tumors remain clinically occult until they are far advanced. The reasons for this are varied. For example, the remote anatomical location of the pancreas makes it unlikely that pancreatic carcinomas will be detected before they have invaded neighboring structures. Although the breast is anatomically accessible, breast cancers metastasize very early in and stained with anti-mucin-1. All slides were subjected to an alkaline-phosphatase-anti-alkaline-phosphatase procedure that caused the development of a red precipitate. The nuclei were counterstained with hematoxylin. All images were photographed at ϫ1,000. (19, 20) . Even in prostate cancer, in which a prostate-specific antigen can be quantified in the serum, there is a substantial percentage of patients with elevated PSA in which diagnosis remains uncertain. Thus, the urologist must decide whether a biopsy is necessary or, if a biopsy has been performed and is negative, if and when it should be repeated. These examples indicate that there is a need for improved diagnostic techniques for cancer. In 1869, Ashworth described cells in the blood that resembled those observed in the tumor at autopsy (21) . However, it is only in the last 1-2 decades that two techniques were developed, immunohistochemistry and PCR (and reverse transcription PCR), that generally allow detection of one tumor cell in 10 5-6 blood or bone marrow cells.** The results have changed concepts of the frequency and significance of tumor dissemination. Thus, because hematologic malignancies frequently are associated with particular chromosomal translocations, PCR has been useful in detecting minimal residual disease and in predicting impending relapse in such tumors. Minimal residual disease is associated, in general, with a poor prognosis, but there is considerable evidence that, particularly if transient, it does not preclude a sustained remission of the patient without further treatment (27) (28) (29) (30) . Both immunocytochemistry and PCR studies of patients with several solid tumors including breast and prostate carcinoma have detected circulating tumor cells in a proportion of these patients with clinically organ-confined disease. Sixteen to 45% of men with ''localized'' prostate cancer had detectable disease in the peripheral circulation or bone marrow assayed by prostatespecific antigen-specific PCR (31, 32) . Analysis by PCR for breast cancer has been hampered by the inability to find a specific target RNA. However, by using a reverse transcription PCR to detect expression of carcinoembryonic antigen in breast and gastrointestinal cancer, 14 of 21 patients had tumor cells detected in the bone marrow (33) . In an immunocytochemical study of 135 patients with breast carcinoma, 49 had tumor cells in bone marrow (11) .
Both techniques have their limitations. Thus, immunocytochemical assays are unable to quantify tumor burden, and the time-consuming search for a rare cell makes it impractical to phenotype the tumor cells in depth. PCR assays are also difficult to quantify, and there can be false-positive results. In addition, rearrangements of sequences are frequent targets for amplification of RNA sequences by reverse transcription PCR; hence, in these cases, diagnostic tumor tissue usually is needed to confirm the presence of tumor cells.
The assay described here has the following features: (i) 1-2 logs greater sensitivity than the above previously described assays and independent of leukocyte count; (ii) precise enumeration of the number of circulating tumor cells; (iii) use of whole blood; and (iv) suitable for automation. Also, immunophenotyping can be performed on individual tumor cells with regard to organ lineage and, potentially, the presence of activation and invasive markers and detection of oncogenes such as mutated p53.
At this time, we believe the most important test of the usefulness of our assay is to screen for early detection of carcinomas in the general population and, particularly, in high risk patients, e.g., those with BRCA-1 mutations. Will our assay detect early primary tumors or predict them? In this regard, the most pertinent finding to emerge from the present study is that 12 of 14 patients with clinically organ-confined breast cancers and 3 of 3 patients with organ-confined prostate cancers had excess epithelial cells in their blood, and these cells usually had the immunophenotypic and cytomorphologic features consistent with neoplastic cells. Our goal, therefore, is to perform the screening assay entirely by immunomagnetic preparation followed by flow cytometry. This method might entail use of additional channels on the flow cytometer for determination of the organ origin of the carcinoma cells, e.g., prostate-specific membrane antigen ϩ for prostate, mucin-1 ϩ or progesterone receptor ϩ for breast. If a cut-off value for a diagnosis of cancer based on blood cells can be obtained and if the positive results are uniformly confirmed by subsequent pathologic analysis, then, in the future, treatment might be initiated earlier when tumor volume is small and, more importantly, the genetically unstable tumor is at an earlier stage in its evolution. These features should increase the likelihood of a clinical cure (34) (35) (36) .
Although the assay described here appears to be highly sensitive, there are as yet untested requirements that are essential to achieve maximal usefulness. Thus, we have not yet tested the blood of patients with nonmalignant diseases involving mucosa or skin, breast, and prostate. If their blood shows events on flow cytometry, it will be important to determine whether these events can be distinguished from carcinoma cells by present methods, by further alterations in the regimen for flow cytometry, or, if necessary, by appropriate staining and examination of the immunophenotype and cytology of the blood cells obtained by cytospins.
Our preliminary results measuring clinical status and the levels of blood epithelial cells over time are highly suggestive that our assay is measuring circulating tumor cells (Fig. 4) . Thus, in all eight patients, there was a general correlation between these two assays. The results also suggest that changes in blood levels of breast carcinoma cells may help in monitoring treatment and determining recurrences. Also, because of the ability to immunophenotype the cells for different molecules, our assay also may be useful in prognostication. Thus, the number and characterization of blood carcinoma cells may allow predictions in individual patients as to whether progressive metastatic growth will develop. The high percentage of blood samples that show carcinoma cells from patients who have no clinical evidence of metastases suggests that the presence of such cells does not necessarily indicate that the circulating tumor cells will survive and grow.
It also would be of interest to test blood on clinically disease-free patients many years after therapy of a breast or prostate carcinoma to determine whether there are circulating tumor cells. There is increasing evidence from clinical observations (37) (38) (39) (40) (41) (42) (43) , experimental models of dormancy (44) (45) (46) (47) (48) (49) , and the findings of circulating tumor cells in patients with clinically organ-confined disease as shown in the present study that suggests that many cancers are chronic systemic diseases that are not cured by present day therapy.
